. In vivo validation of whole body composition estimates from dual-energy X-ray absorptiometry. J. Appl. Physiol. 83(2): 623-630, 1997.-We validated whole body composition estimates from dualenergy X-ray absorptiometry (DEXA) against estimates from a four-component model to determine whether accuracy is affected by gender, race, athletic status, or musculoskeletal development in young adults. Measurements of body density by hydrostatic weighing, body water by deuterium dilution, and bone mineral by whole body DEXA were obtained in 172 young men (n 5 91) and women (n 5 81). Estimates of body fat (%Fat) from DEXA (%Fat DEXA ) were highly correlated with estimates of body fat from the four-component model [body density, total body water, and total body mineral (%Fat d,w,m ); r 5 0.94, standard error of the estimante (SEE) 5 2.8% body mass (BM)] with no significant difference between methods [mean of the difference 6 SD of the difference 5 20.4 6 2.9 (SD) % BM, P 5 0.10] in women and men. On the basis of the comparison with %Fat d,w,m , estimates of %Fat DEXA were slightly more accurate than those from body density (r 5 0.91, SEE 5 3.4%; mean of the difference 6 SD of the difference 5 21.2 6 3.4% BM). Differences between %Fat DEXA and %Fat d,w,m were weakly related to body thickness, as reflected by BMI (r 5 20.34), and to the percentage of water in the fat-free mass (r 5 20.51), but were not affected by race, athletic status, or musculoskeletal development. We conclude that body composition estimates from DEXA are accurate compared with those from a four-component model in young adults who vary in gender, race, athletic status, body size, musculoskeletal development, and body fatness. body composition; body water; bone mineral; densitometry; women; gender; men; multicomponent models; musculoskeletal development; race BODY COMPOSITION is important in the assessment of nutritional status, disease risk, physical fitness, and effectiveness of interventions (11). Traditional methods of estimating body composition such as densitometry, hydrometry, and 40 K counting are limited in their accuracy, availability, and suitability for all populations. Estimates of body composition from multicomponent models are more accurate than those from traditional methods but are time consuming and not practical for large groups. Dual-energy X-ray absorptiometry (DEXA) is widely used for measuring bone mineral, and technological advancements have enabled DEXA to quickly become a preferred method for estimating whole body composition. Body composition measurements from DEXA are relatively quick, easy, and have good precision, but their validity has not been adequately established (21, 25).
body composition; body water; bone mineral; densitometry; women; gender; men; multicomponent models; musculoskeletal development; race BODY COMPOSITION is important in the assessment of nutritional status, disease risk, physical fitness, and effectiveness of interventions (11) . Traditional methods of estimating body composition such as densitometry, hydrometry, and 40 K counting are limited in their accuracy, availability, and suitability for all populations. Estimates of body composition from multicomponent models are more accurate than those from traditional methods but are time consuming and not practical for large groups. Dual-energy X-ray absorptiometry (DEXA) is widely used for measuring bone mineral, and technological advancements have enabled DEXA to quickly become a preferred method for estimating whole body composition. Body composition measurements from DEXA are relatively quick, easy, and have good precision, but their validity has not been adequately established (21, 25) .
Although the accuracy of DEXA has been evaluated by chemical analysis (5, 37) and in vitro validation (38, 39) , in vivo validation is required to assess potential errors in whole body composition estimates caused by regional variation in tissue thickness, the water content of lean tissue (nonbone, nonfat) mass, and the difficulty in estimating the composition of nonbone tissue above and below bone. These potential errors are not adequately addressed by in vitro or chemical analysis studies (21) . Several studies have validated body composition estimates from DEXA against estimates from body density on the basis of a two-component model (8, 17, 36, 41) . However, body composition estimated from body density is affected by errors resulting from variation in the density of the fat-free mass (FFM) and is no longer considered acceptable as a criterion measure (13) . Body composition estimated from a fourcomponent model (fat, water, mineral, protein) accounts for variation in the water and mineral fractions and the density of the FFM and, therefore, provides a better criterion measure for validating newer methods of estimating body composition (23) . Only a few studies have used body composition estimates from a fourcomponent model to validate body composition estimates from DEXA (3, 12, 18) . These studies have not included athletes who represent extremes in body size, musculoskeletal development, and body composition. Thus the purpose of this study was to validate whole body estimates of percent body fat from DEXA (%Fat DEXA ) with estimates from a four-component model [percentage of body mass (BM) that was fat estimated from body density, total body water, and total body mineral; %Fat d,w,m ] in a large group of young, black and white, athletic and nonathletic, men and women who varied markedly in body size, musculoskeletal development, and proportion of fat. Estimates of body fat from body density (%Fat d ) were also compared with those from the four-component model and from DEXA to assess the relative accuracy of estimates from DEXA and body density. We hypothesized that the agreement between %Fat DEXA and %Fat d,w,m would be better than the agreement between %Fat DEXA and %Fat d and between %Fat d and %Fat d,w,m .
METHODS

Subjects.
One hundred and seventy-two young men and women, 111 collegiate athletes and 61 nonathletes, participated in the study. Varsity athletes were recruited from the University of Georgia football (n 5 41 men), basketball (n 5 7 men, 1 woman), volleyball (n 5 5 women), gymnastics (n 5 11 women), swimming (n 5 10 men, 14 women), and track and field (n 5 9 men, 13 women) teams. Nonathletes (n 5 24 men, 37 women) were recruited as reference groups from the university student population. Thirty-nine athletes (10 women and 29 men) and 23 nonathletes (13 women and 10 men) were black, and the remainder were white. The study was approved by the university's Institutional Review Board, and written consent was obtained before testing. Physical characteristics of the subjects are summarized in Table 1 . Means and SDs by gender, race, and athletic status (27) and a more detailed description of methods are provided elsewhere (27; B. Prior, K. J. Cureton, C. M. Modelsky, E. M. Evans, M. A. Sloniger, M. J. Saundes, and R. D. Lewis, unpublished observations).
Protocol. Physical characteristics, anthropometric measurements, body density, total body water, and total body bone mineral were measured during a single test session (,3.5 h). Subjects were asked to arrive at the laboratory well hydrated after 8-12 h without food or beverages except water. No vigorous physical activity was performed before the test session, and no food or beverage was consumed during the session.
Densitometry. Body density was measured by using underwater weighing and the Archimedes principle to determine body volume. BM in air was measured by using an electronic scale to the nearest 0.05 kg. BM under water was measured by using a Chatillon autopsy scale to the nearest 0.025 kg. Residual lung volume was measured at the time of underwater weighing by using an oxygen-rebreathing, nitrogendilution technique modified from Goldman and Buskirk (15) . Volume of gas in the gastrointestinal tract was assumed to be 0.1 liter. The within-subjects SD of duplicate measurements of body density on 2 days ,1 wk apart was 0.0016 g/cm 23 (27) .
Body water. Total body water was determined by deuterium ( 2 H 2 O) dilution according to the technique of Davis et al. (9) . After a baseline blood sample was taken, subjects ingested a known quantity of 2 H 2 O [0.31 6 0.01 (SD) g 2 H 2 O/kg BM] in 100 ml of distilled water and rinsed with an additional 100 ml of distilled water. After a 3-h equilibration period during which all urine was collected, another blood sample was taken. Blood samples were centrifuged, and the plasma was stored at 280°C. Plasma samples were purified by diffusion (10) . In 12 of the subjects, blood samples could not be obtained and urine was purified instead. The purified sample was analyzed by using an infrared spectrophotometer (Miran 1FF, Foxboro, Foxboro, MA). Total body water was corrected for 2 H 2 O lost in urine and decreased 4% to account for hydrogen exchange with protein and carbohydrate during the 3-h equilibration period (33) . The within-subjects SD of duplicate measurements of body water on 2 days ,1 wk apart was 0.75 liter. The within-subjects SD of 2-4 measurements of body water on the basis of the same blood sample on a given day was 0.71 liter (27) . We considered this a measure of the technical error associated with the measurement of total body water.
Body mineral. Total body mineral was estimated from bone mineral ash measured by using DEXA (Hologic QDR-1000W, enhanced whole body analysis software version 5.71, Waltham, MA). Bone mineral ash was multiplied by 1.2741 to estimate total body mineral content (4). Thirty-one subjects were taller than the scanning region of the bone densitometer. Body composition and bone ash for these subjects were estimated from the summed values from two separate scans (upper and lower body divided at the neck) by using regression. This method has been shown to yield accurate estimates of BM Cureton, unpublished observations). The within-subjects SD of duplicate measurements of body mineral on 2 days ,1 wk apart was 7.2 g (27) .
Musculoskeletal development. Musculoskeletal development per unit height was characterized by using the mesomorphy rating from the Heath-Carter anthropometric somatotype. This rating was determined from upper arm and calf circumferences corrected for skinfold thickness, knee and elbow diameters, and height, following procedures described by Carter (6) . Mesomorphy was determined from the measurements by using a regression equation (7) .
Body composition calculations. The percentage of BM that was fat was estimated from body density (i.e., %Fat d ) on the basis of a two-component model by using the Siri equation where D b is body density measured by hydrostatic weighing.
The percentage of BM that was fat was also estimated from body density, total body water, and total body mineral (i.e., %Fat d,w,m ) on the basis of a four-component model by using the following equation of Lohman (23) 
where w is total body water measured by 2 H 2 O dilution expressed relative to BM, and m is total body mineral estimated from bone mineral ash expressed relative to BM.
Statistical analysis. Statistical analyses were done with SPSS for Windows version 6.1.3 (SPSS, Chicago, IL). Means and SDs for dependent variables of interest were calculated by gender. Relationships among variables were determined by using simple and multiple linear regression analysis. Significant differences between regression lines were determined by using the method of Pedhazur (29) . Agreement between %Fat from different methods was determined by using Bland-Altman plots (2) . Accuracy of regression equations was assessed by using the SEE and the total error (TE) 5OE[o (Y8 2 Y 2 )/n], where Y8 is %Fat DEXA or is estimated from densitometry, and Y is %Fat d,w,m 6 (8). An experiment-wise a level of 0.05 was used for all significance tests. Significance values were corrected for multiple comparisons by using the Bonferroni method.
RESULTS
Individual differences between scale BM and BM estimated by DEXA ranged from 20.9 to 3.1 kg (Fig. 1) . Values are means 6 SD; n, no. of subjects. BMI, body mass index; D b , body density measured by hydrostatic weighing; %Fat d , %Fat DEXA , and %Fat d,w,m : fat estimated from body density; dual-energy x-ray absorptrometry (DEXA); and body density, total body water, and total body mineral, respectively. Fig. 3 ). There was no significant difference in the slopes of the regression lines, but the intercept for women was significantly greater than that for men. The gender difference appeared to result primarily from overestimation of %Fat d,w,m by %Fat DEXA in the fattest women. Race, athletic status (athlete/ nonathlete), and musculoskeletal development did not significantly affect the relationship of %Fat DEXA to %Fat d,w,m .
Mean %Fat DEXA was 0.8 6 3.0% BM less than %Fat d , with individual differences ranging from 28.4 to 9.3% BM (Fig. 2B) . %Fat DEXA was highly related to %Fat d (r 5 0.94, SEE 5 2.8% BM), with no difference in the relationship between men (y 5 0.83x 1 3.54, r 5 0.88, SEE 5 2.6% BM) and women (y 5 0.84x 1 3.92, r 5 0.92, SEE 5 3.0% BM). Across all subjects, TE predicting %Fat d from %Fat DEXA (3.1%) was only slightly higher than the SEE. Gender, race, and athletic status, in addition to %Fat DEXA , were significant predictors of %Fat d and probably accounted for the slight deviation from the line of identity.
To assess the relative accuracy of body composition estimates from DEXA and those from densitometry, estimates of %Fat d were compared with %Fat d,w,m . Mean %Fat d was significantly greater than %Fat d,w,m (x diff 6 SD diff 5 1.2 6 3.4% BM), with differences ranging from 28.1 to 8.5% BM (Fig. 2C) 
DISCUSSION
We used estimates of body composition from a fourcomponent model as a criterion measure to validate body composition estimates from DEXA in a large, diverse group of men and women that included blacks and whites, athletes and nonathletes, and marked variability in body size, musculoskeletal development, and body fatness. We found that %Fat DEXA agreed well with %Fat d,w,m in men and women. The agreement of %Fat d,w,m with %Fat DEXA was better than with %Fat d , suggesting that estimates with %Fat DEXA were slightly more accurate than those using %Fat d . Differences between %Fat DEXA and %Fat d,w,m were weakly related to body thickness, as reflected by BMI, and to W/FFM, but they were not affected by race, athletic status, or musculoskeletal development. The results indicate that body composition estimates from DEXA are accurate in young adults, who vary in gender, race, athletic status, body size, musculoskeletal development, and body fatness.
The major finding of this study was that %Fat DEXA (17.5 6 8.5% BM) agreed well with %Fat d,w,m (17.1 6 8.3% BM) in young, black and white, men and women over a wide range of body size (BM 42.9 to 133.5 kg, BMI 17.1 to 41.2 kg/m 2 ), musculoskeletal development (mesomorphy 1.6 to 9.6), and %Fat (3 to 50% BM). Lohman (25) (8) , they found a small mean difference between %Fat d and %Fat DEXA (0.2% BM), emphasizing the good agreement between methods. However, the regression equation predicting %Fat d from %Fat DEXA (y 5 0.77x 1 6.96) had a large intercept and a slope substantially less than one, indicating that there were differences as values deviated from the means. TE of the prediction was not reported.
In recent years, the use of %Fat d as a criterion method for validating other body composition methods has been challenged because it assumes a constant density and composition of the FFM (13, 18, 24) . In theory, %Fat d,w,m should be a better criterion measure for validating body composition estimates from DEXA because it accounts for the effects of variation in water and mineral and their effects on the density of the FFM. Several studies have compared %Fat DEXA estimates with those from multicomponent models. Boileau et al. (3) found reasonably good agreement between %Fat DEXA and %Fat d,w,m (SEE 5 3.1% BM) in a large group of men and women (n 5 308), ranging in age from 8 to 75 yr; however, it is not known whether there was greater disagreement at younger ages compared with older ages, as some investigators have found (16) . In a smaller study focusing on the reliability of %Fat estimates from a four-component model, (18) found that fat mass estimated by IVNA agreed well with that measured by dual-photon absorptiometry (SEE 5 1.5 kg). Similarly, Wang et al. (40) found no difference between %Fat DEXA and %Fat estimated from IVNA in a larger (n 5 65) group of black and white men and women. In three of the four subgroups, SEEs ranged from 2.6 to 3.2% BM, indicating good agreement between methods. However, in white women there was substantially less agreement between methods (SEE 5 5.18% BM). The close agreement between IVNA and DEXA or dual-photon absorptiometry is important because body composition estimates by IVNA are independent of those by DEXA, whereas %Fat d,w,m is dependent on bone mineral measured by DEXA.
We hypothesized that the agreement between %Fat d,w,m and %Fat DEXA The smaller SEE between %Fat DEXA and %Fat d,w,m indicated that body composition estimates from DEXA were slightly more accurate than those from body density.
We also hypothesized that the agreement between %Fat DEXA and %Fat d,w,m would be better than the agreement between %Fat DEXA and %Fat d because there is less biological error associated with the density and composition of the FFM for %Fat d,w,m than for %Fat d . A surprising finding was that this was not the case. The SEEs associated with prediction of %Fat d,w,m and %Fat d from %Fat DEXA were the same (2.8% BM). Similarly, the SD diff between %Fat DEXA and %Fat d,w,m (2.9% BM) was nearly the same as that between %Fat DEXA and %Fat d (3.0% BM). While surprising, this finding is not inconsistent with the literature. Studies using body composition estimates from body density to validate estimates from DEXA have found SEEs ranging from 2.4 to 3.9% BM (8, 17, 36, 41) , whereas studies using body composition estimates from multicomponent models as criterion measures have found SEEs ranging from 1.9 to 3.2 (3, 12, 40) .
Errors associated with %Fat DEXA may contribute to differences between this estimate and %Fat d,w,m and %Fat d . In estimating body composition from DEXA, it is assumed that the nonbone, nonfat, soft lean tissue mass has a constant hydration of 73 g/ml. Any deviation from the assumed value will cause systematic error in %Fat DEXA (32) . The magnitude of the error, however, has not been established. Horber et al. (19) found that of 0.9-4.4 kg of BM lost during hemodialysis, nearly all (94%) was correctly identified as lean tissue and only a small (0.1-kg) portion was incorrectly identified as fat tissue. In that study, ingestion of 0.8-2.4 liters of water did not appreciably affect estimates of fat or lean tissue mass measured by DEXA, although there was considerable variation. Similarly, in a dehydration study, Going et al. (14) found that DEXA correctly identified 98% of the total mass lost as lean tissue mass, whereas there were no changes in fat mass or bone mass. Theoretical calculations by Kohrt (21) support these findings; a 5% change in W/FFM would, according to Kohrt, result in an error in fat mass by DEXA of ,0.5 kg. In this study, W/FFM was moderately related to the difference between %Fat DEXA Error in %Fat DEXA estimates could result from inaccurate detection of fat mass in the trunk. Snead et al. (36) found that when packets of lard were placed on the thighs of subjects, DEXA measured all of the added mass and correctly identified 96% of it as fat. However, when the lard was placed over the truncal region of the body, 93% of the added mass was detected, but only 55% was correctly identified as fat, with the remainder being identified as lean tissue mass. This finding suggests that DEXA does not accurately measure fat in the trunk. Similar results were reported by Milliken et al. (26) , who found that DEXA correctly estimated the %Fat of a lard packet placed on the thighs of 28 men and women but significantly underestimated %Fat of the lard packet (52 vs. 90% actual) when it was placed on the abdomen. Furthermore, when two lard packets were placed on top of each other, DEXA significantly underestimated %Fat in both the thigh (77%) and abdomen (47%). These findings suggest that DEXA may be in error to a greater extent in fatter subjects. Error in the detection of fat mass in the trunk appears to result from the method used by DEXA to determine soft tissue composition in tissue above and below bone. DEXA uses the average soft tissue composition surrounding bone to estimate the soft tissue composition directly above and below bone. Because of the quantity of bone in the trunk, DEXA may not accurately estimate soft tissue composition and fat mass in the trunk region. In the present study, however, an inability to accurately measure fat mass in the trunk would cause %Fat DEXA to be underestimated relative to %Fat d,w,m , particularly in the fattest subjects. This did not appear to occur; rather, %Fat DEXA appeared to slightly overestimate %Fat d,w,m . Thus inaccurate estimates of truncal fat mass by DEXA did not appear to contribute to the differences between %Fat DEXA and the other methods.
Another source of error in %Fat DEXA estimates results from changes in body (tissue) thickness. Increasing object thickness causes preferential loss of lower energy photons relative to high-energy photons, an effect called beam hardening. The resulting altered attenuation constants for the various tissues can cause error in body composition estimates by DEXA (1) . In the present study, we used BMI as an indicator of body thickness, assuming that higher values of BMI would correspond to greater body thickness. The negative relationship between BMI and the difference between %Fat d,w,m and %Fat DEXA (r 5 20.34; Fig. 4A ) suggests that as body thickness increased, DEXA increasingly overestimated %Fat d,w,m . Our findings are in contrast to those of Tothill et al. (38) and Jebb et al. (20) , who found that increasing phantom thickness had little effect on %Fat estimates from DEXA. Furthermore, the effect of beam hardening, e.g., increasing object thickness, is that fat mass is underestimated relative to true fat mass or content (38) . Thus, if beam hardening were contributing to error in %Fat DEXA , the expected effect would be opposite to what we observed.
Estimates of %Fat from DEXA are also affected by the type of bone densitometer used. For example, Tothill et al. (38) found that measurements of %Fat in a phantom by using a Hologic densitometer were, on average, 2% BM lower than those from a Lunar. Similarly, Modlesky et al. (28) found that a Hologic densitometer underestimated %Fat measured by a Lunar densitometer by 1.5% BM in 13 young men. These findings indicate that although some of the difference between %Fat DEXA and %Fat d,w,m in the present study may be a function of the type of densitometer used, the close agreement with %Fat d,w,m suggests the error is not large.
We have based the preceding discussion on the assumption that any difference between %Fat DEXA and %Fat d,w,m resulted from error in the estimate of %Fat DEXA . However, estimates of %Fat d,w,m are not error free. Day-to-day biological variation and technical errors in each of the measurements used to estimate %Fat d,w,m (body density, bone mineral content, and total body water) contribute to day-to-day differences in %Fat d,w,m . Our laboratory (27) and others (12) have reported that these differences are small, with the within-subjects SD for replicate determinations of %Fat d,w,m being ,1% BM.
Other systematic errors, not reflected in repeated measurements in an individual, may also contribute to errors in %Fat d,w,m . For example, it could be that increasing body thickness resulted in error in %Fat d,w,m estimates. Such an error could occur if bone mineral estimates systematically varied with body thickness. However, Tothill et al. (39) , Jebb et al. (20) , and Milliken et al. (26) found that bone mineral estimates varied little as phantom thickness increased. Thus it is not likely that %Fat d,w,m estimates were affected by a systematic error due to body thickness.
Errors in the total body water measurement in selected individuals could have contributed to error in %Fat d,w,m . Replicate measurements of total body water in a small group of subjects indicated that day-to-day differences within individuals were quite small (SD 5 0.75 liter). Most of this variation was due to the technical error of measuring total body water (0.71 liter). This technical error corresponds to an error of 0.7% BM in the estimate of %Fat d,w,m and an error of 0.9% in W/FFM. Assuming that the total variance in these measurements is the sum of biological variability and technical error [(SD tot ) 2 In summary, we have found that body fatness estimates by DEXA are accurate on the basis of close agreement with criterion estimates from a fourcomponent model in a large sample of young men and women, including blacks and whites, athletes and nonathletes, and marked variability in body size, musculoskeletal development, and body fatness. Across all subjects, there was no systematic error in the prediction of %Fat d,w,m from %Fat DEXA and a reasonably small SEE (2.8% BM). Small effects of variation in lean tissue mass hydration and body thickness may explain part of the difference between body composition estimates by DEXA and those from the four-component model. Body composition estimates from DEXA were slightly more accurate than those from body density compared with those from the four-component model. We conclude that body composition estimates from DEXA are accurate compared with those from a four-component model in young adults. The accuracy is slightly better in women than in men but is not affected by race, athletic status, body size, musculoskeletal development, and body fatness.
